**Core tip:** We comprehensively assessed the clinical and psychological characteristics of irritable bowel syndrome with predominant diarrhea (IBS-D) , visceral sensitivity, and fecal metabolites. As expected, the data confirmed that metabolite compositions were different in subjects with or without IBS-D and the levels of some metabolites were significantly correlated with IBS Symptom Severity System score, visceral sensitivity, and the severity or frequency of abdominal pain. Furthermore, a potential biomarker panel was identified to correlate with the symptom severity of IBS-D. These preliminary findings provide some clues for IBS-D pathogenesis and for the search for biomarkers in symptom severity.

INTRODUCTION
============

Irritable bowel syndrome (IBS) is a highly prevalent functional bowel disorder, and is characterized by chronic abdominal pain related to disordered bowel habits without evidence of organic diseases\[[@B1],[@B2]\]. Patients with IBS often have psychological disturbances and gastrointestinal symptoms, all of which decline health-related quality of life (QOL)\[[@B3],[@B4]\]. As defined by the Rome IV criteria, IBS is classified into four subtypes: IBS with predominant diarrhea (IBS-D), IBS with predominant constipation, IBS with mixed bowel habits, and IBS unclassified. Among these subtypes, IBS-D accounts for 39.0%-61.9% of IBS cases\[[@B5],[@B6]\] and especially impairs QOL\[[@B7]\]. Although the pathogenesis is complicated, dysregulation of the brain-gut axis, increased gut mucosal immune activation, increased intestinal permeability, and visceral hypersensitivity may be involved\[[@B8],[@B9]\].

The gastrointestinal tract represents the largest surface to the outside world and is a sensory organ\[[@B10]\]. Metabolites in the intestine, as sensory information, are communicated with the gastrointestinal innervation, enteroendocrine hormonal signaling system, immune system, and the local tissue defense system\[[@B11],[@B12]\]. Previous studies have demonstrated that dietary amino acids, which regulate the expression of anti-inflammatory cytokines and pro-inflammatory cytokines, are associated with intestinal inflammation\[[@B13]-[@B19]\]. Moreover, amino acids played significant roles in regulating the expression of tight junction proteins, oxidative stress and the apoptosis of enterocytes\[[@B19]-[@B24]\], all of which were critical factors for the functions of the intestinal barrier\[[@B25],[@B26]\]. However, the role of amino acids in IBS-D pathogenesis is still unclear.

An increasing number of studies have indicated that organic acids, especially short chain fatty acids (SCFA), are one of the origins of symptoms in IBS with immunological and regulatory functions\[[@B27]-[@B31]\]. A recent study suggested that fecal microbial metabolites induced the release of serotonin (5-HT) from enterochromaffin (EC) cells and were involved in visceral hypersensitivity through modulating sensory neurons\[[@B32]\]. Bellono et al\[[@B32]\] also reported that EC cells were polymodal chemosensors and were activated by multiple metabolites. In addition, targeted metabolomics, the measurement of defined groups of metabolites, provided a particularly powerful tool for synchronously quantifying multiple metabolites.

Other studies reported that metabolite compositions were different in patients with IBS from those in healthy controls (HCs)\[[@B33]-[@B35]\]. Only a few articles reported that some fecal metabolites were correlated with symptoms in IBS\[[@B30],[@B36]\]. Nevertheless, these studies only measured several kinds of SCFA in fecal samples and did not extensively investigate the relationships between metabolites and IBS symptoms as well as visceral sensitivity.

The aims of this study were to compare fecal metabolites in subjects with or without IBS-D and to explore the associations of metabolites with clinical and experimental parameters.

MATERIALS AND METHODS
=====================

Subjects
--------

Based on the sample size of other studies\[[@B30],[@B35]\], 30 patients were recruited from outpatient clinics at a teaching hospital in Beijing, China, together with 15 age- and sex-matched HCs. Patients were eligible for the study if they were 18 years or older and met the Rome IV criteria for IBS-D. HCs were recruited from asymptomatic individuals who had undergone colorectal cancer screening or polyposis follow-up and had negative results. Subjects were excluded if they had a history of major abdominal surgery, organic diseases such as celiac disease, other painful disorders such as dysmenorrhea or psychiatric disorders or were pregnant, lactating or unable to come off any of the following medications: probiotics, antibiotics, analgesics, stool bulking agents, lactulose, prokinetics, histamine antagonists, mast cell stabilizers or antidepressants within 2 wk.

All subjects gave written informed consent before participation. The study protocol was approved by the Ethics Committee of the China-Japan Friendship Hospital (No. 2015-33).

Procedure
---------

Sixty-one patients with IBS-D-like symptoms were referred to the gastroenterological department. Nineteen patients (31.1%) refused to participate, and 12 patients were excluded for severe mental disorder (two patients), colon mucosal inflammation (five patients), a history of abdominal surgery (two patients), lactose intolerance (two patients) and poor compliance (one patient). Finally, 30 IBS-D patients and 15 HCs were included in this study.

After enrollment, the clinical and psychological states were assessed. Then, visceral sensitivity was measured after obtaining stool samples. Each fecal sample was collected with sterile plastic tube after defecation. Samples were frozen in liquid nitrogen immediately and stored at -80 °C.

Clinical and psychological assessments
--------------------------------------

The degree of symptoms was assessed using the previously validated IBS Symptom Severity System (IBS-SSS)\[[@B37]\]. The total score ranged from 0 to 500 and was summed from five individual scores: Abdominal pain (severity and days of pain), abdominal distension, dissatisfaction with bowel habits and life interference. IBS-D severity was then classified as mild (75-174), moderate (175-299) or severe (300-500).

Each IBS-D patient was invited to complete an Italian modified version of the bowel disease questionnaire (BDQ) to evaluate the severity of abdominal pain during the prior 2 wk\[[@B38]\]. Symptom scores ranged from 0 to 4 according to the influence of symptoms on patients' daily activities: 0, absent; 1, mild (not influencing daily activities); 2, relevant (diverting from daily activities but not urging modification); 3, severe (influencing daily activities markedly enough to urge modifications); and 4, extremely severe (precluding daily activities). Symptom frequency was also graded 0-4 (0, absent; 1, up to 1 d/wk; 2, 2 or 3 d/wk; 3, 4-6 d/wk; and 4, daily).

The Bristol Stool Form Scale (BSFS), a 7-point scale, was used to measure stool form. The Hospital Anxiety and Depression Scale, which consists of 14 items (7 anxiety items and 7 depression items), was used to evaluate the severity of anxiety and depression symptoms\[[@B39],[@B40]\].

The validated Visceral Sensitivity Index (VSI) scale is a measure of anxiety specifically related to gastrointestinal sensations and symptoms\[[@B41]\]. It consists of 15 items with scores ranging from 0 (no gastrointestinal-specific anxiety or visceral hypersensitivity) to 5 (severe gastrointestinal-specific anxiety and visceral hypersensitivity)\[[@B42]\].

Visceral sensitivity test
-------------------------

After glycerin enema and digital rectal examination, a ManoScan™ high-resolution anorectal catheter (ANN1522) (Given Imaging, Los Angeles, CA, United States) with a latex balloon at the tip was inserted into the rectum. After three min for adapting to the catheter, the balloon was manually inflated with air at a speed of 2 mL/s, and thresholds for initial perception, urgency, and discomfort/pain were recorded\[[@B43]\]. A ManoScan 360™ high-resolution manometry system (Model A100) and ManoView™ AR Analysis Software 2.1 were used in the test.

Selection of fecal metabolites
------------------------------

Thirty-one metabolites were selected based on extensive literature search, using the following criteria: (1) Metabolites are different in subjects with or without IBS or potentially discriminate between subjects with healthy gut function and IBS patients; (2) Metabolites are related to one or more gut health parameters\[[@B44]\]; and (3) Metabolites can be measured in fecal samples by a targeted metabolomics method. Amino acids are associated with intestinal inflammation and barrier\[[@B45]\]. Organic acids, which are produced by gut microbiota, are able to modulate multiple pathological and physiological processes\[[@B30]\]. Based on this, lactate, pyruvate, fumarate, SCFA (i.e., acetate, propionate, butyrate, valerate, hexanoate, isobutyrate, isovalerate, and isohexanoate), and 20 amino acids making up the proteins were selected for this study.

Measurement of biomarkers
-------------------------

**Organic acid analysis:** A total of 750 μL methanol was added to fecal samples (50-150 mg), and the sample was ground for 1 min, homogenized for 30 min and centrifuged at 10000 rpm for 10 min. The fecal supernatant was transferred into a tube, and 50 mg Na~2~SO~4~ was added. After one night at 4 °C, the aliquot was centrifuged at 14000 rpm for 20 min, and the supernatant was retained for subsequent analyses. Similar to previous reports\[[@B46]\], fecal SCFA was measured by gas chromatography-mass spectrometry after derivatization reaction. Liquid chromatography-mass spectrometry was employed to quantify the levels of other organic acids, *i.e*., lactate, pyruvate, and fumarate, as described previously\[[@B47]\].

**Amino acid analysis:** After freeze-drying, 5 mg fecal sample was added to 1 ml purified water and incubated on a shaking table for 60 min at 37 °C. The supernatant was prepared by centrifugation at 12000 rpm for 5 min. Ultra-performance liquid chromatographic analysis was performed to quantify the levels of amino acids as described by Boogers et al\[[@B48]\].

Statistical analysis
--------------------

SPSS (IBM-SPSS Statistics, Chicago, IL, United States) version 21.0 was used for statistical analysis. The Gibbs sampler based left - censored missing value imputation approach (GSimp) was used to measure the metabolite levels that were below the detection limit\[[@B49]\]. Normally distributed data are presented as the mean ± SD, and abnormally distributed data are expressed as the median (Q1, Q3). Levels of individual metabolites were compared between groups using the Mann-Whitney *U* test. Linear correlations between multiple metabolites and IBS-SSS score, maximum tolerable threshold or BDQ scores were analyzed using multiple linear regression (stepwise). Spearman's correlation analysis was used for correlations between individual metabolites and BDQ scores. A *P* value ≤ 0.05 was considered to be significant.

RESULTS
=======

Characteristics of study subjects
---------------------------------

Thirty IBS-D patients (22 males and 8 females) and 15 HCs (11 males and 4 females) were enrolled in this study (Table [1](#T1){ref-type="table"}). There were no significant differences between the groups in age (*P* = 0.299), sex (*P* = 1.00), or body mass index (*P* = 0.219).

###### 

Demographics, clinical characteristics and psychological states of study subjects

  **Features**                  **IBS-D patients**                                  **Controls**        ***P* value**
  ----------------------------- --------------------------------------------------- ------------------- ---------------
  *n*                           30                                                  15                  NA
  Age (yr)                      30.0 (28.0, 41.3)                                   28.0 (25.0, 37.0)   0.299
  Gender (male:female)          22:8                                                11:4                1.000
  Body mass index (kg/m^2^)     23.8 ± 3.9                                          22.4 ± 2.8          0.219
  Duration of disease (yr)      7.5 (1.5, 10.1)                                     NA                  NA
  IBS-SSS                       261.7 ± 40.4                                        NA                  NA
  Severity of abdominal pain    1.0 (1.0, 2.0)[b](#T1FN1){ref-type="table-fn"}      0.0 (0.0, 0.0)      \< 0.001
  Frequency of abdominal pain   2.0 (1.0, 4.0)[b](#T1FN1){ref-type="table-fn"}      0.0 (0.0, 0.0)      \< 0.001
  BSFS score                    6.0 (6.0,6.0)[b](#T1FN1){ref-type="table-fn"}       4.0 (4.0, 4.0)      \< 0.001
  HADS anxiety score            6.0 (3.0, 9.0)[b](#T1FN1){ref-type="table-fn"}      2.0 (1.0, 4.0)      0.002
  HADS depression score         4.0 (1.0, 7.3)                                      2.0 (2.0, 5.0)      0.350
  VSI score                     34.0 (17.0, 45.3)[b](#T1FN1){ref-type="table-fn"}   5.0 (2.0, 15.0)     \< 0.001

*P* \< 0.01 *vs* controls. The data are presented as the mean ± SD or the median (Q1, Q3). IBS-D: Irritable bowel syndrome with predominant diarrhea; IBS-SSS: IBS symptom severity scale; BSFS: Bristol stool form scale; HADS: Hospital anxiety and depression scale; VSI: Visceral sensitivity index; NA: Not applicable.

In IBS-D patients, the duration of disease ranged from 0.5 to 20.5 years (median 7.5 years). According to the IBS-SSS scores (261.7 ± 40.4), 23 patients (76.7%) had moderate and 7 (23.3%) had severe IBS-D. The scores of the BSFS \[IBS-D: 6.0 (6.0, 6.0), HC: 4.0 (4.0, 4.0)\], anxiety \[IBS-D: 6.0 (3.0, 9.0), HC: 2.0 (1.0, 4.0)\] and VSI \[IBS-D: 34.0 (17.0, 45.3), HC: 5.0 (2.0, 15.0)\] were significantly higher in IBS-D patients than in HCs. The score of depression showed a tendency to increase in IBS-D patients but failed to reach a significant level.

Visceral sensitivity test
-------------------------

Three parameters for assessing visceral sensitivity, including the first sensation threshold, defecating sensation threshold, and maximum tolerable threshold to rectal distension stimulation, were measured. Scores of the defecating sensation threshold \[IBS-D: 50.0 (40.0, 90.0), HC: 80.0 (60.0, 110.0); *P* = 0.032\] and maximum tolerable threshold \[IBS-D: 100.0 (80.0, 142.5), HC: 200.0 (150.0, 210.0); *P* \< 0.001\] were significantly lower in the patients than those in the HCs (Figure [1](#F1){ref-type="fig"}). There was no difference between the two groups in the first sensation threshold \[IBS-D: 40.0 (30.0, 60.0), HC: 40.0 (30.0, 50.0); *P* = 0.315\].

![Visceral sensation thresholds to rectal distension stimulation. A: The first sensation threshold showed no significant difference between the two groups (*P* = 0.315). B: The score of the defecating sensation threshold was significantly decreased in the patients (*P* = 0.032). C: The maximum tolerable threshold was also lower in patients with irritable bowel syndrome with predominant diarrhea than in controls (*P* \< 0.001). Box means the interquartile range; line inside the boxes indicates the median; the two whiskers indicate the 5^th^ percentile and 95^th^ percentile of the data. ^a^*P* \< 0.05 *vs* healthy control (HC); ^b^*P* \< 0.01 *vs* HC. IBS-D: Irritable bowel syndrome with predominant diarrhea; HC: Healthy control.](WJG-25-6416-g001){#F1}

Amino acids
-----------

In the control group, Gln was detected in only one subject. Cys was detected in six IBS-D patients and in two controls. The prevalence of Gly, Glu, Thr, Ala, Val, and Leu detection was 100%, and the prevalence of detection of other amino acids ranged from 66.7% to 96.7%. There was no difference in the amount of amino acids in subjects with or without IBS-D. Differences were observed for individual amino acids including His \[IBS-D: 0.0642 (0.0388, 0.1484), HC: 0.2636 (0.0780, 0.3966), *P* = 0.012\], Ala \[IBS-D: 0.5095 (0.2826, 0.9183), HC: 1.0118 (0.6135, 1.4335), *P* = 0.041\], Tyr \[IBS-D: 0.1024 (0.0173, 0.4527), HC: 0.5665 (0.2436, 1.3447), *P* = 0.018\], Phe \[IBS-D: 0.1511 (0.0775, 0.3248), HC: 0.3967 (0.1388, 0.7550), *P* = 0.028\], and Trp \[IBS-D: 0.0323 (0.0001, 0.0826), HC: 0.0834 (0.0170, 0.1759), *P* = 0.046\] (Table [2](#T2){ref-type="table"}). Only Tyr was mildly correlated with BSFS scores in all subjects (*r* = -0.347, *P* = 0.019) (Table [3](#T3){ref-type="table"}). There were no statistically significant associations between BSFS scores and the levels of His, Ala, Tyr, Phe, or Trp in IBS-D group or HC group.

###### 

Levels of partial fecal metabolites in irritable bowel syndrome with predominant diarrhea patients and controls

  **Metabolites**   **Prevalence of detection**   **IBS-D patients (μmol/g)**                               **Controls (μmol/g)**       ***P* value**
  ----------------- ----------------------------- --------------------------------------------------------- --------------------------- ---------------
  His               93.3%                         0.0642 (0.0388, 0.1484)[a](#T2FN1){ref-type="table-fn"}   0.2636 (0.0780, 0.3966)     0.012
  Ala               100.0%                        0.5095 (0.2826, 0.9183)[a](#T2FN1){ref-type="table-fn"}   1.0118 (0.6135, 1.4335)     0.041
  Tyr               88.9%                         0.1024 (0.0173, 0.4527)[a](#T2FN1){ref-type="table-fn"}   0.5665 (0.2436, 1.3447)     0.018
  Phe               97.8%                         0.1511 (0.0775, 0.3248)[a](#T2FN1){ref-type="table-fn"}   0.3967 (0.1388, 0.7550)     0.028
  Trp               77.8%                         0.0323 (0.0001, 0.0826)[a](#T2FN1){ref-type="table-fn"}   0.0834 (0.0170, 0.1759)     0.046
  Val               100.0%                        0.2710 (0.1208, 0.5729)                                   0.3661 (0.2960, 1.0122)     0.079
  Asp               97.8%                         0.3086 (0.1797, 0.6904)                                   0.4875 (0.1939, 0.6591)     0.647
  Fumarate          100.0%                        0.0042 (0.0026, 0.0108)                                   0.0019 (0.0014, 0.0078)     0.051
  Pyruvate          100.0%                        0.0067 (0.0023, 0.0719)                                   0.0071 (0.0022, 0.0882)     0.718
  Butyrate          100.0%                        4.3819 (2.4060, 9.0920)                                   5.8539 (1.5193, 12.8616)    0.613
  Isobutyrate       100.0%                        6.8609 (0.5068, 8.9326)                                   2.1277 (0.5470, 10.4635)    0.962
  Valerate          100.0%                        0.2024 (0.0331, 0.8245)                                   0.2059 (0.0497, 1.2489)     0.485
  Isovalerate       100.0%                        0.1218 (0.0495, 0.3227)                                   0.1661 (0.0416, 0.2581)     0.866
  Hexanoate         100.0%                        0.0254 (0.0189, 0.0513)                                   0.0383 (0.0153, 0.0539)     0.613
  Isohexanoate      100.0%                        0.0127 (0.0060, 0.0246)[a](#T2FN1){ref-type="table-fn"}   0.0070 (0.0023, 0.0106)     0.028
  Amino acids       NA                            7.2873 (3.4177, 10.7709)                                  8.0603 (6.1393, 12.3225)    0.336
  SCFA              NA                            25.8082 (18.5826, 38.5067)                                26.8452 (5.7182, 70.6763)   0.904
  Organic acids     NA                            26.6708 (20.0617, 38.5860)                                26.9449 (5.8047, 71.4057)   0.866

*P* \< 0.05 *vs* controls. The data are presented as the median (Q1, Q3). IBS-D: Irritable bowel syndrome with predominant diarrhea; SCFA: Short chain fatty acids; NA: Not applicable.

###### 

Correlation of bristol stool form scale scores with the levels of His, Ala, Tyr, Phe, or Trp

  **Metabolites**   **IBS-D**   **Controls**   **All subjects**                                                    
  ----------------- ----------- -------------- ------------------ ------- ---------------------------------------- -------
  His               0.057       0.764          0.423              0.117   -0.279                                   0.064
  Ala               -0.026      0.892          0.338              0.218   -0.252                                   0.095
  Tyr               -0.208      0.271          0.423              0.117   -0.347[1](#T3FN1){ref-type="table-fn"}   0.019
  Phe               0.002       0.994          0.465              0.081   -0.250                                   0.098
  Trp               -0.114      0.548          0.423              0.117   -0.268                                   0.075

There was association between parameters (*P* \< 0.05). IBS-D: Irritable bowel syndrome with predominant diarrhea.

Organic acids
-------------

Propionate was detected in only four IBS-D patients and four controls. Acetate was not detected in five controls, and the prevalence of detection of other organic acids was 100%. Only isohexanoate \[IBS-D: 0.0127 (0.0060, 0.0246), HC: 0.0070 (0.0023, 0.0106), *P* = 0.028\] was elevated in the IBS-D patients (Table [2](#T2){ref-type="table"}). The level of isobutyrate was higher in the IBS-D group than in the controls, but the difference did not reach statistical significance. There were no differences in the amounts of SCFA or organic acids in subjects with or without IBS-D (Table [2](#T2){ref-type="table"}).

Correlation of fecal microbial metabolites with IBS-SSS score
-------------------------------------------------------------

A statistically significant regression equation was found (*R*^2^~Adjusted~ = 0.693, *F* = 11.893, *P* \< 0.001). The levels of fumarate and Val had a significant negative association with IBS-SSS score but hexanoate, pyruvate and Tyr had a positive association (Table [4](#T4){ref-type="table"}, Figure [2A](#F2){ref-type="fig"}). In collinearity diagnostics, the eigenvalues and condition indices ranged from 0.071 to 3.897 and from 1.000 to 7.394, respectively (Table [5](#T5){ref-type="table"}). The residual obeyed a normal distribution.

![Correlation of fecal microbial metabolites with irritable bowel syndrome symptom severity scale score or maximum tolerable threshold. A: Correlation of fecal microbial metabolites with irritable bowel syndrome symptom severity scale score in irritable bowel syndrome with predominant diarrhea (IBS-D) patients (*R*^2^~Adjusted~ = 0.693, *P* \< 0.001). The composite index was the sum of score based on linear combination of metabolites using the coefficients listed in Table [4](#T4){ref-type="table"}. B: Correlation of metabolites with maximum tolerable threshold in IBS-D patients (*R*^2^~Adjusted~ = 0.255, *P* = 0.007); The composite index was the sum of scores based on linear combination of isovalerate and valerate using the coefficients listed in Table [6](#T6){ref-type="table"}. C: Correlation of metabolites with maximum tolerable threshold in all subjects (*R*^2^~Adjusted~ = 0.079, *P* = 0.034).](WJG-25-6416-g002){#F2}

###### 

Multiple linear regression model for irritable bowel syndrome symptom severity scale score

  **Metabolites**                             **Unstandardized coefficients**   **Standard-ized coefficie-nts** **β**   ***t***   ***P* value**   **Collinearity statistics**           
  ------------------------------------------- --------------------------------- --------------------------------------- --------- --------------- ----------------------------- ------- -------
  Hexanoate[1](#T4FN1){ref-type="table-fn"}   116.194                           29.961                                  0.420     3.878           0.001                         0.903   1.107
  Fumarate[1](#T4FN1){ref-type="table-fn"}    -1733.224                         490.683                                 -0.383    -3.532          0.002                         0.902   1.108
  Pyruvate[1](#T4FN1){ref-type="table-fn"}    140.381                           28.619                                  0.528     4.905           \< 0.001                      0.915   1.092
  Asp                                         -15.303                           7.943                                   -0.221    -1.927          0.066                         0.807   1.240
  Tyr[1](#T4FN1){ref-type="table-fn"}         60.960                            15.019                                  0.763     4.059           \< 0.001                      0.300   3.333
  Val[1](#T4FN1){ref-type="table-fn"}         -82.922                           26.139                                  -0.626    -3.172          0.004                         0.272   3.671

Metabolite which was correlated with irritable bowel syndrome symptom severity scale score (*P*\< 0.01); SE: Standard error; VIF: Variance inflation factor.

###### 

Collinearity diagnostics of models

  **Models**                                                                        **Dimensions**   **Collinearity diagnostics**   
  --------------------------------------------------------------------------------- ---------------- ------------------------------ -------
  Multiple linear regression model for IBS-SSS score in IBS-D group                 1                3.897                          1.000
  2                                                                                 1.008            1.966                          
  3                                                                                 0.751            2.278                          
  4                                                                                 0.643            2.462                          
  5                                                                                 0.407            3.093                          
  6                                                                                 0.222            4.186                          
  7                                                                                 0.071            7.394                          
  Multiple linear regression model for maximum tolerable threshold in IBS-D group   1                2.286                          1.000
  2                                                                                 0.675            1.841                          
  3                                                                                 0.040            7.580                          

IBS-D: Irritable bowel syndrome with predominant diarrhea; IBS-SSS: Irritable bowel syndrome symptom severity scale score.

###### 

Multiple linear regression model for maximum tolerable threshold

  **Groups**                                 **Metabolites**                                **Unstandardized coefficients**   **Standar-dized coeffici-ents β**   ***t***   ***P* value**   **Collinearity statistics**            
  ------------------------------------------ ---------------------------------------------- --------------------------------- ----------------------------------- --------- --------------- ----------------------------- -------- --------
  IBS-D                                      Isovalerate[2](#T6FN2){ref-type="table-fn"}    5.451                             1.824                               1.525     2.989           0.006                         0.099    10.132
  Valerate[1](#T6FN1){ref-type="table-fn"}   -2.171                                         0.946                             -1.171                              -2.295    0.030           0.099                         10.132   
  All subjects                               Isohexanoate[1](#T6FN1){ref-type="table-fn"}   -40.910                           18.695                              -0.317    -2.188          0.034                         NA       NA

Metabolite which was correlated with maximum tolerable threshold (*P* \< 0.05).

Metabolite which was correlated with maximum tolerable threshold (*P* \< 0.01); SE: Standard error; VIF: Variance inflation factor; IBS-D: Irritable bowel syndrome with predominant diarrhea; NA: Not applicable.

Correlation of metabolites with maximum tolerable threshold to rectal distension stimulation
--------------------------------------------------------------------------------------------

After taking a root of the maximum tolerable threshold, a multiple linear regression model using the stepwise method was applied. In the control group, no metabolites were included in the regression model. In IBS-D patients, associations with isovalerate and valerate for the maximum tolerable threshold (*R*^2^~Adjusted~ = 0.255, *F* = 5.957, *P* = 0.007) are shown in Table [6](#T6){ref-type="table"} and Figure [2B](#F2){ref-type="fig"}. The eigenvalues and condition indices ranged from 0.040 to 2.286 and from 1.000 to 7.580, respectively (Table [5](#T5){ref-type="table"}). A lower maximum tolerable threshold was associated with increased isohexanoate in all subjects (*R*^2^~Adjusted~ = 0.079, *F* = 4.789, *P* =0.034) (Table [6](#T6){ref-type="table"}, Figure [2C](#F2){ref-type="fig"}). The residual also obeyed a normal distribution.

Correlation of BDQ scores with isovalerate, valerate or isohexanoate
--------------------------------------------------------------------

In HCs, there was no statistically significant association between BDQ scores and isovalerate, valerate or isohexanoate levels. In the IBS-D group, Spearman's rank correlation showed that the level of isovalerate was positively correlated with the severity or frequency of abdominal pain. In addition, isohexanoate was significantly correlated with the frequency of abdominal pain in IBS-D patients (Table [7](#T7){ref-type="table"}). In all subjects, only isohexanoate was significantly associated with the severity or frequency of abdominal pain (Table [7](#T7){ref-type="table"}).

###### 

Correlation of bowel disease questionnaire scores with isovalerate or isohexanoate

  **Groups**     **Metabolites**                         **Frequency of abdominal pain**         **Severity of abdominal pain**                                                  
  -------------- --------------------------------------- --------------------------------------- --------------------------------------- --------------------------------------- -------
  IBS-D          Isovalerate                             0.475[2](#T7FN2){ref-type="table-fn"}   0.008                                   0.377[1](#T7FN1){ref-type="table-fn"}   0.040
  Isohexanoate   0.414[1](#T7FN1){ref-type="table-fn"}   0.023                                   0.097                                   0.612                                   
  All subjects   Isovalerate                             0.200                                   0.188                                   0.143                                   0.350
  Isohexanoate   0.473[2](#T7FN2){ref-type="table-fn"}   0.001                                   0.371[1](#T7FN1){ref-type="table-fn"}   0.012                                   

There was association between parameters (*P* \< 0.05).

There was association between parameters (*P* \< 0.01). IBS-D: Irritable bowel syndrome with predominant diarrhea.

DISCUSSION
==========

Overwhelming evidence has shown that luminal contents play important roles in gastrointestinal function\[[@B10],[@B32]\]. Although the effects of fecal metabolites in the pathogenesis of IBS are being discovered, there has been evidence that some metabolites in feces are correlated with symptoms in IBS patients\[[@B30],[@B36]\]. We comprehensively assessed the clinical and psychological characteristics of IBS-D patients, visceral sensitivity and fecal metabolites. As expected, these data confirmed the difference in fecal metabolite compositions between IBS-D patients and HCs, and the levels of some metabolites were significantly correlated with IBS-SSS score, visceral sensitivity and the severity or frequency of abdominal pain.

More male patients were recruited in our study, although the morbidity rate of IBS is significantly higher in females. The reasons were as follows: on the one hand, more female patients refused to participate due to reluctance to visceral sensitivity test or distrust. On the other hand, women with a history of dysmenorrheal or cesarean section were excluded.

His, Ala, Tyr, Phe, and Trp were decreased in IBS-D patients compared to controls and were almost unassociated with stool form. Furthermore, the amount of amino acids was not different in subjects with or without IBS. These findings revealed that differences in individual amino acids would be mainly due to differences in the amino acid composition rather than stool water content.

Amino acids in the intestine have critical roles in the expression of tight junction proteins and are closely connected with the apoptosis or proliferation of gastrointestinal epithelial cells\[[@B19]-[@B22],[@B24],[@B50]\], all of which are important factors for the functions of the intestinal barrier. Trp enhanced the expression of tight junction proteins (occluden-1, occluden-2, occludin, claudin-3, and claudin-4) in the intestine and was beneficial for mucosal growth or maintenance\[[@B51],[@B52]\]. Increased intestinal permeability is one of the pathophysiological changes in IBS.

Furthermore, increased gut mucosal immune activation was also involved in IBS. Aromatic amino acids, including Trp, Phe, and Tyr, attenuated gastrointestinal inflammation\[[@B53]\]. Inflammatory mediators are also one of the main etiological factors in ulcerative colitis. A previous study demonstrated that Trp and His were significantly lower in ulcerative colitis patients than in controls\[[@B54]\]. However, the functions of amino acids in IBS patients are still unclear. Further study is required to analyze the correlation between decreased individual amino acids and increased intestinal permeability or gut mucosal immune activation in IBS.

The association between the gut microbiota and IBS has been studied extensively. One study transplanting fecal microbiota from IBS-D patients into mice demonstrated that the microbiota played significant roles in gut function, and supported the point that bacteria would contribute to IBS\[[@B55]\]. The findings indicate differences in microbiota between IBS and healthy volunteers, but the results have been inconsistent\[[@B56],[@B57]\]. After dietary treatment, the symptoms of IBS were controlled, but the phylotype of the intestinal microbiota remained unchanged\[[@B58]\]. As important as the phylotype, the function of the microbiota might add mechanistic insight\[[@B27],[@B28],[@B30]\]. The function could be measured as metabolites in the feces. SCFA, as a large group of fecal microbial metabolites, have been described as the link between the host and the microbes\[[@B29],[@B31],[@B59]\].

In this study, the association between SCFA (isohexanoate, isovalerate or valerate) and visceral sensation (abdominal pain or visceral hypersensitivity) indicates that increased chemical stimuli could be one of the origins or exacerbating factors in IBS-D. However, in IBS patients, the chemical stimuli and chemosensitivity are largely unknown. The gastrointestinal tract receives sensory innervation\[[@B10]\]. Some sensory neurons terminate close to the mucosal epithelium and sense chemical stimuli by connecting to enteroendocrine cells or immune cells\[[@B8],[@B11],[@B32],[@B60],[@B61]\]. Previous studies have shown that butyrate is increased in IBS-D patients and induces colonic hypersensitivity in rats\[[@B62],[@B63]\]. However, other studies observed the conflicting results that the level of butyrate was decreased in patients or was not significantly different between patients and controls\[[@B36],[@B59]\]. At the same time, there was no statistically significant association between butyrate and visceral sensation in this and other studies\[[@B36]\]. A recent study suggested that SCFA, especially isovalerate and isobutyrate, was involved in visceral hypersensitivity\[[@B32]\], which contributed to abdominal pain. Therefore, our current results are basically in accordance with the recent concept of visceral sensation.

The current methods of symptom-based diagnosis and the assessment of IBS severity are inherently limiting\[[@B64]\]. There is a pressing need for biomarkers of symptom severity and treatment response in IBS\[[@B65]\]. In the present study, a biomarker panel was identified to correlate with the symptom severity of IBS (*R*^2^~Adjusted~ = 0.693, *P* \< 0.001). This indicates a potential biomarker to objectively quantify symptom severity and assess responsiveness to treatments. However, this hypothesis needs to be verified further.

This preliminary study has some limitations. First, because only IBS-D patients were included in this study, the conclusions may not be generalized to other IBS subtypes. Second, the sample size is relatively small, which may undermine the reliability of the conclusions. Further research with a larger number of subjects should be conducted to verify our conclusions. Third, our conclusions were based on an observational study, which cannot make cause and effect inferences. Therefore, conclusions need to be further verified by high-grade evidence. Fourth, isovalerate was simultaneously positively correlated with the maximum tolerable threshold and the severity or frequency of abdominal pain. The reason for this conflict is still unclear. Finally, diet was not standardized during the study period. Habitual diet determines the repertoire of microbial metabolites\[[@B66]\], but food components also plays a significant role in the pathophysiology of IBS\[[@B67]-[@B69]\]. Although diet was not standardized in this and other studies\[[@B30],[@B34],[@B35]\], it should be noted that some food components may only relate to fecal metabolite composition but not IBS pathophysiology. It is necessary to standardize diet in the future study.

In summary, this study provides new evidence that metabolite compositions are different in subjects with or without IBS-D and altered profiles of fecal metabolites may be one of the origins or exacerbating factors in IBS-D. Furthermore, a significant correlation was observed between metabolites and symptom severity in the IBS-D group. This preliminary study lays a basis to further explore the role of fecal metabolites in IBS-D pathogenesis and to search for fecal biomarkers in symptom severity.

ARTICLE HIGHLIGHTS
==================

Research background
-------------------

Irritable bowel syndrome (IBS) is a highly prevalent functional bowel disorder and the pathogenesis is complicated. Fecal metabolites are associated with gut visceral sensitivity, mucosal immune function and intestinal barrier function, all of which have critical roles in the pathogenesis of IBS.

Research motivation
-------------------

A few articles reported that patients diagnosed with IBS had metabolite compositions that were different from those of healthy controls. However, the role of metabolites in IBS pathophysiology is unclear. The study of fecal metabolites might add insight to investigate IBS.

Research objectives
-------------------

IBS with predominant diarrhea (IBS-D) is the major subtype of IBS. The aims of this study were to compare fecal metabolites in subjects with or without IBS-D and to explore the associations of metabolites with clinical and experimental parameters.

Research methods
----------------

Participants underwent clinical and psychological assessments, including the IBS Symptom Severity System, an Italian modified version of the Bowel Disease Questionnaire, the Bristol Stool Form Scale, the Hospital Anxiety and Depression Scale, and the VSI, along with visceral sensitivity testing. Fecal metabolites were measured by targeted metabolomics approaches. Correlation analyses between these parameters were performed. SPSS (IBM-SPSS Statistics, Chicago, IL, United States) version 21.0 was used for statistical analysis.

Research results
----------------

The patients presented with more psychological symptoms and increased visceral hypersensitivity compared with the controls. In fecal metabolites, His, Ala, Tyr, Phe, and Trp were decreased in IBS-D patients, but isohexanoate was increased. Abdominal pain or visceral hypersensitivity was correlated with isovalerate, valerate and isohexanoate. Furthermore, a significant correlation was observed between metabolites and symptom severity.

Research conclusions
--------------------

This study presented evidence that metabolite compositions were different in subjects with or without IBS-D and some metabolites might be one of the origins or exacerbating factors of symptoms *via* increasing visceral sensitivity. This study also demonstrated a possible potential biomarker panel of symptom severity. The authors believe that this study provides some clues for IBS-D pathogenesis and for the search for biomarkers in symptom severity.

Research perspectives
---------------------

This preliminary study investigated the possible role of fecal metabolites in IBS pathophysiology. In the future, we will focus on the following aspects. First, as the present study did not standardize diet and could not make cause and effect inferences, conclusions need to be further verified by additional well-designed clinical and basic studies. Second, the present study focused on IBS-D patients, and the conclusions may not be generalized to other IBS subtypes. We will investigate the role of fecal metabolites in pathophysiology of other IBS subtypes in future studies.
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